Fast focusing scan over a large depth range is challenging in photoacoustic microscopic imaging. In this paper, a fast variable focus photoacoustic microscopy (VF-PAM) with a large range of imaging depth was presented by using an electrically tunable lens (ETL). The ETL controlled the divergence angle of the laser beam for fast and continuous focus-shifting in depth direction with the shifting time of 15 ms, and 2.82 mm focus-shifting range with a 1 µm shifting accuracy was achieved by combining the ETL with a 0.3 NA plan microscope objective lens. Carbon fibers imaging verified the depth imaging ability of the system, in vivo microvasculature of mouse ear and brain tissues of the mouse imaging further demonstrated the focusing scan ability in biomedical application. The fast VF-PAM system allows substantial shortening of the focus-shifting time, which will be more conducive to studying living biological tissue, and will promote the development of in vivo noninvasive PA depth imaging without mechanical scan.
Introduction
Photoacoustic microscopy (PAM) is a high-resolution and high-contrast noninvasive biomedical imaging technique, which imaging the optical absorption contrast based on photoacoustic (PA) effect [1] [2] [3] [4] . The energy of laser pulse absorbed by the sample partially converts into heat, which immediately leads to the generation of acoustic waves [5, 6] . High resolution PA imaging can be obtained by focusing the laser beam through a microscope objective lens and receiving the PA signals in the same area by an ultrasonic transducer. PAM has been applied in many biomedical research fields, such as vasculature structure imaging [7, 9] , retinal imaging [10] , peripheral joints and osteoarthritis imaging [11, 12] , brain functional and molecular imaging [5, 13] , cell and intracellular imaging [14] [15] [16] [17] [18] . In addition, PAM has also been developed as a promising tool for detection of breast tumors [19] , monitoring of oxygenation [20] and visualizing blood flow of zebrafish heart [21] . However, in the above PA biomedical imaging, due to a single depth of focus, only a narrow depth range in focus is acquired. Mechanical scan can improve depth of field (DOF) by moving the objective or sample with a piezoelectric z-focusing device or motor-driven linear platform in depth direction [22] [23] [24] . But the focus-shifting speed is limited by mechanical inertia of these moving devices, and the speed is 20 Hz [22] . In order to achieve fast inertia-free scan, the chromatic aberration has been exploited and reported previously in PAM [25] , while the limitation of the system is that only a few discrete focus depths can be obtained. Moreover, fast focus-shifting methods have been developed for improving the DOF in other microscopy systems by using multiple acousto-optic deectors (AODs) [26] and acousto-optic lens [27] . The focus-shifting ranges of these systems are still fairly restricted and the maximum adjustable range is about 137 µm [27] , which cannot meet the requirement of depth focusing scan.
In this paper, we have developed a fast variable focus photoacoustic microscopy (VF-PAM) using an electrically tunable lens (ETL), which provides an inertia-free focusing scan over a large depth range. The similar method has developed into other PAM system [28] [29] [30] . Different divergence angles of laser beam lead to different depths of focus, here, we introduce an ETL into the PAM system for focusing scan in different depths. The focus depths of the VF-PAM system can be varied as a function of the supplied electrical signal and shift continuously. To the best of our knowledge, this is the first report of using an ETL in PAM for fast shifting the focus in depth direction. The performance of the VF-PAM system has been demonstrated by imaging carbon fibers at different planes, microvasculature of mouse ear and brain tissues of the mouse in vivo. The fast focusing scan can be used to detect the dynamic changes of oxygen saturation at different depths. Also, this method may attempt to study the neural activity at different depths of brain in intact tissues.
Methods and materials
The schematic diagram of the fast VF-PAM system was depicted in Fig. 1 (a). An Nd: YAG laser (Surelite II-20, Continuum, USA), operating 10 ns pulses at a 532 nm wavelength with a repetition rate of 20 Hz, was used as the light source to excite the PA signal. The laser pulse fluence is ~13 mJ/cm 2 , which is lower than the American National Standard Institute (ANSI) safety limit (20 mJ/cm 2 ). The laser beam was first passed through a spatial filter and scanned with a two-dimensional (2-D) scanning galvanometer (6231H, Cambridge Technology, Inc) (x-y plane scanning), then was reshaped by scanning lens, tube lens and ETL (EL-10-30, Optotune AG, Switzerland) (z-axis scanning). The reshaped laser beam was focused by a plan microscope objective lens to irradiate the test sample. The 2-D scanning galvanometer, triggered by the signals of the laser, was controlled by a computer. A photodiode was employed to monitor and calibrate the intensity and stability of the laser beam. A custommade unfocused ultrasonic transducer with center frequency of 10 MHz and −6 dB bandwidth of 99.8% was used to detect the PA signals. The PA signals were first amplified with an amplifier (ZFL-500, Minicircuits), then digitized by a dual-channel data acquisition card (NI 5122, National Instrument, USA) at a sampling rate of 100 Msamples/s, and finally recorded in the personal computer for imaging reconstruction with a MATLAB program (Mathworks, Inc.). Figure 1 (b) was the detailed schematic of the blue dashed box in Fig. 1(a) , which illustrated the principle of focusing scan. High transmission, large aperture, high damage threshold and fast response time are the advantages of the ETL. The ETL is a shape-changing lens and the working principle is stated as follows. It consists of a container, which is filled with an optical fluid and sealed off with an elastic spherical polymer membrane. The radius of the membrane is proportional to the pressure exerted on its outer zone by an electromagnetic actuator. The ETL and plan microscope objective were connected together via an optical interface. The focal length of the ETL was controlled by a high-precision USB driver (EL-E-4, Optotune), which delivered a stable current output from 0 mA to 300 mA, with a resolution of 0.1 mA. Within the control current range, the maximum focus-shifting range was measured about 2.82 mm with a 1 µm continuously shifting accuracy when using a 0.3 NA plan microscope objective lens. Depth refocusing of the excitation spot between the focal planes was within 15 ms, which was fast than mechanical scan [22, 31] . The lateral resolution and axial resolution of the VF-PAM system were measured by imaging a sharp-edged surgical blade and a ~7 µm diameter carbon fiber respectively. The PA imaging of in vitro red blood cells (RBCs) and carbon fibers further demonstrated the system resolution. Before experiment, the RBCs were placed on a cover glass, which was then placed against the ultrasound transducer and the carbon fibers were inserted in the agar at different planes. The capability of focusing scan was demonstrated in carbon fibers at different planes, in vivo microvasculature of a mouse ear and brain tissues of the mouse. In the in vivo study, the data were acquired on BALB/c mouse (40 g). Commercial hair remover (Payven Depilatory China) was employed to remove the hair from the ear and the brain before experiment and general anesthesia (i.e., sodium pentobarbital, 40 mg/kg; supplemental, 10 mg/kg/h) was applied to keep the mouse motionless during the experiment. After imaging, the mouse naturally recovered without observable laser damage. Due to the limitation of lateral scan imaging range, the in vivo experiment was employed a 0.1 NA plan microscope objective lens with a ~1 mm scan range and other experiments were acquired with a 0.3 NA plan microscope objective lens, which the scan range is ~180 µm. All the experimental procedures were carried out in accordance with the laboratory animal protocols approved by the South China Normal University. With the purpose of coupling the PA waves to the ultrasound transducer, a thin layer of ultrasonic gel was applied between the samples and the ultrasound transducer.
Results

Resolution evaluation and measurement of the focus-shifting range of the VF-PAM system
The lateral resolution of the VF-PAM system was determined by the numerical aperture (NA) of the plan microscope objective lens. The theoretical lateral resolution was calculated to be 1.08 µm (0.3 NA) at 532 nm. It was experimentally quantified by imaging a sharp-edged surgical blade indicated in Fig. 2(a) , with a scanning step of ~0.5 µm. The edge-spread function (ESF) was estimated from the blade PA image along the dashed line. The line-spread function (LSF) was calculated as the derivative of the ESF. The full width at half maximum (FWHM) of the LSF defining the lateral resolution was estimated to be 1.3 µm, as shown in Fig. 2(b) . Figure 2 (c) showed the PA image of RBCs, the imaging result demonstrated individual RBCs could be clearly distinguished using our system. The RBC has the characteristics of thicker edge and thinner center, the contrast of the edge is higher than that of the center in PA image, which is matched very well with the image photographed by the optical microscope (OM) presented in Fig. 2(d) . The above experiments demonstrated the high lateral resolution of our system. In order to measure the focus-shifting range of the VF-PAM system, carbon fibers at different depths were imaged respectively through shifting the focus. The lateral scan step was about 1.8 µm. Several measurements showed the maximum focus-shifting range was 2.82 mm, which was quite coincident with the theory (~2.8 mm). The theoretical axial resolution of the VF-PAM system, which was determined by the bandwidth of the receiving ultrasonic transducer [32] , was calculated to be ~132 µm. In our system, the axial resolution was measured via using a ~7 µm diameter carbon fiber. Figure  3 (c) showed the axial section PA image of the carbon fiber in Fig. 3(a) . A PA axial spread profile of the carbon fiber along the dashed line in (c) was presented in Fig. 3(f) . Owing to the small diameter of the carbon fiber, the FWHM of the envelope of the axial spread profile could be regarded as the axial resolution of the imaging system. As shown in Fig. 3(f) , the axial resolution was estimated to be 148 µm. The capability of focusing scan of the VF-PAM system was demonstrated in carbon fibers. The carbon fibers at two different planes with a depth interval of ~70 µm were imaged. By shifting the focus from one planes to the other with a shifting step of ~10 µm within 15 ms, we acquired a series of PA images, as shown in Figs. 4(a)-4(h). We use the laser with a repetition rate of 20 Hz, so the image acquisition time is about 8.5 min for a ~180 µm PA imaging area with a scanning step of ~1.8 µm and the focus-shifting time in axial direction is 15 ms. Through focusing scan, we could observe that the two planes carbon fibers were in crossed form. Defining the focal plane locating at the upper plane carbon fiber was 0 µm, then the focal plane of the lower plane was 70 µm. Figures 4(a)-4(h) indicated that at 60 µm away from the focal plane, the fibers was completely out of the DOF that the generated PA signals was too weak to discern from noise, while in the focal plane the signal-to-noise ratio reached more than 20 dB that was adequate for imaging micro blood vessels. In Fig. 4 (i) (Media 1), snapshot of a 3-D animation showed the two planes carbon fibers, where the form of the two carbon fibers was clearly displayed. Figure 4 (j) (Media 2) illustrated the video of the carbon fibers by using of the VF-PAM system. Media 2 depicted the process of focusing scan in depth direction directly. These results revealed the necessity of shifting the focus in axial direction to achieve depth imaging.
Imaging of carbon fibers at different focus depths by the VF-PAM system
3.3
In vivo imaging of microvasculature and brain tissues by the VF-PAM system in animal model Fig. 5 . In vivo PA imaging of microvasculature of a mouse ear and brain tissues of mouse at different depths: (a) PA images of microvasculature of a mouse ear at different focus depths were acquired with the VF-PAM system, the depth interval was ~25 µm between PA images. (b)-(d) Three typical PA images of microvasculature, the focus depths were about 50 µm, 150 µm and 225 µm respectively. (e) Epidermis. (f) Brain subcutaneous vessels (~200 μm). (g) Brain cortex vessels (~400 μm). Brain skull is located at the depth from 200 μm to 400 μm.
To demonstrate the in vivo focusing scan of the VF-PAM system, microvasculature of the mouse ear were performed. In Fig. 5(a) , PA images of a mouse ear microvasculature were obtained by focusing scan. The axial scanning range was taken from the tissues surface to approximately 225 µm below the surface. The depth interval was ~25 µm between PA images and the time for shifting the focus in depth direction was within 15 ms. These PA images showed that through focusing scan we could see more micro blood vessels in the focal plane. The extracted three typical PA images were displayed in Fig. 5(b) at about 50 µm depth, Fig.  5 (c) at about 150 µm depth and Fig. 5(d) at about 225 µm depth in the mouse ear. As shown in Fig. 5(c) , many capillaries in the dashed circle and more micro blood vessels indicated by white arrows were imaged with good contrast, which were not viewed in Fig. 5(b) . However, since the capillaries were not in the DOF, it vanished in Fig. 5(d) . To further demonstrate that the VF-PAM system can achieve deeper scan, brain tissues at different depths of the mouse were performed and we imaged brain subcutaneous vessels (~200 μm), as shown in Fig. 5 (f), brain cortex vessels (~400 μm) shown in Fig. 5(g) . The depth from 200 μm to 400 μm is brain skull. The time of shifting the focus in depth direction was within 15 ms between PA images. These results show that we could detect depth vessels in tissues through focusing scan. These PA images indicate the capability of providing many structural details of microvasculature and brain tissues by using the VF-PAM system.
Discussions and conclusions
By combining the ETL with the PAM system, we have developed a VF-PAM system and presented an effective method for depth scan. Highly scattering tissues can influence the focusing of the light and lead to the decrease of sensitivity and resolution, while this problem is unavoidable in optics-related imaging and exists in other methods [24] [25] [26] [27] . Still, depth of focusing scan up to several hundred microns is effective in biological tissues. Though the focusing effect would be worse in the depth tissues suffered from the strong optical scattering, focusing scan can improve the DOF of the imaging depth. In shallow tissue, compared with conventional mechanical scan in depth direction [22] [23] [24] , the focus depths of our system can be readily controlled without inertia. The focus-shifting time of the ETL is 15 ms and the piezo-Z stage is 50 ms [22] , compared with the system using piezo-Z stage, the VF-PAM system has the advantage of inertia-free fast focusing scan, which can avoid the motion artifacts. Both of the ETL and the piezo-Z stage can focus the light into different focal planes and the two axial scanning methods do not affect the focus ability of the systems. The focusshifting is variable, which depending on the need of imaging, can be set to shift continuously in depth direction, shift rapidly to avoid motion artifacts, or jump from depth to depth to capture the interested information. Further improvements of the VF-PAM system are stated as follows. An advanced ultrasonic transducer with higher sensitivity and higher frequency will enhance the detection sensitivity and the axial resolution of our system. The enhancing of detection sensitivity can diminish power of the excitation laser, which will reduce damage to the biological tissues and the improvement of axial resolution can obtain more apparent structural details. In addition, ETL with faster response time and the laser pulse with higher repetition rate further shorten the full image acquisition time, which will be more conducive to real-time studying living biological tissue. If high-repetition laser is used (>1 kHz), the focus-shifting time 15 ms is still not fast enough, we can use the other type of the ETL to improve this problem to some extent, where the time can be further decreased by ~50%.
The experiments of carbon fibers, in vivo microvasculature of mouse ear and brain tissues of the mouse, demonstrated that our system is convenient for PA focusing scan. The VF-PAM system can reduce mechanical complexity to achieve fast focus-shifting, which overcome the movement of the objective or sample, so the imaging time is shortened. In conclusion, the VF-PAM system with the advantages of inertia-free fast focusing scan, large and continuous focus-shifting range provides an effective way for in vivo PA depth scan imaging.
